events proceed in individuals who harbor mutations that are lethal later in life. Moreover, there is a profound lack of information on circuit formation, cell fate during development and neurochemical compensation in either humans or the animals used to model neurodegenerative diseases. In this review, we consider the current knowledge of how energetic and oxidative stress signaling differs between neurons in early versus late stages of life, the influence of a new group of proteins that can integrate cell stress signals at the mitochondrial level, and the growing body of evidence that suggests early development should be considered a critical period for the genesis of chronic neurodegenerative diseases.
Introduction
Over the past 20 years, we have witnessed a transition from high-end, time-intensive genomic testing for a handful of devastating diseases, to a market targeting athome users with kits that can identify not simply diseases, but risk factors for developing diseases as well. The astounding growth of bioinformatics has increasingly enabled the general public to access affordable genetic information so that individuals can investigate their risk of developing diabetes, Alzheimer's disease (AD), Parkin-
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Abstract
The human brain is dependent upon successfully maintaining ionic, energetic and redox homeostasis within exceptionally narrow margins for proper function. The ability of neurons to adapt to genetic and environmental perturbations and evoke a 'new normal' can be most fully appreciated in the context of neurological disorders in which clinical impairments do not manifest until late in life, although dysfunctional proteins are expressed early in development. We now know that proteins controlling ATP generation, mitochondrial stability, and the redox environment are associated with neurological disorders such as Parkinson's disease and amyotrophic lateral sclerosis. Generally, focus is placed on the role that early or long-term environmental stress has in altering the survival of cells targeted by genetic dysfunctions; however, the central nervous system undergoes several periods of intense stress during normal maturation. One of the most profound periods of stress occurs when 50% of neurons are removed via programmed cell death. Unfortunately, we have virtually no understanding of how these son's disease (PD), cancer, and a rapidly expanding number of additional conditions.
As scientists, we are particularly limited in considering age of onset in the context of genetic risk factors. The scientific community has long been aware that mutations in neuroprotective genes play a major role in central nervous system (CNS) diseases that present later in life. These mutant alleles are present throughout development and in early life; however, their role in early disease processes remains unknown.
The purpose of this review is to introduce the emerging theory that neurodegenerative diseases are a result of disordered neural development. Understanding the relationship between genetic risk factors, as well as genes that invariably result in neurodegeneration within the context of development, will help us take an active approach in addressing neurodegenerative diseases before they present with debilitating symptoms. Our ability to intercede against neurotoxic events is currently restricted to periods following which disease has already caused significant neurodegeneration and clinical manifestations and we must re-examine this practice given our understanding of devastating diseases like PD and AD. From a clinical perspective, there is remarkable inconsistency in monitoring those who harbor genetic deficits for these disorders. Our clinical colleagues lack diagnostic and prognostic tools to assess CNS functioning and compensation. Patients are generally into their 3rd or 4th decade of circuit compensation, neurochemical adjustments and vascular and cellular remodeling (processes we simply do not yet fully understand) before baseline blood work or imaging is performed.
Understanding developmental neuroadaptation to these diseases is essential for developing high-value therapeutics as many neuroprotective mechanisms, such as the regulation of protein trafficking and degradation, antioxidant defenses and changes in energy-sensing proteins may already have been employed in the initial decades of life. Therefore, one would predict that retargeting these proteins with small molecule therapies or supplementation would likely have limited efficacy. As we begin to address the gaps in knowledge that exist in our understanding of developmental compensation to stress, we can be guided by lessons provided by schizophrenia and autism, both of which offer excellent examples for how to consider early developmental stress on prospective neural dysfunction.
While not a neurodegenerative condition, data have increasingly shown that schizophrenia is likely rooted in development. Clinical, epidemiological, imaging, and postmortem studies have linked dysregulation of genes integral to CNS connectivity and synaptogenesis, with the acquisition of disease which is fulminant in late adolescence and early adulthood [1] [2] [3] [4] [5] . Driven heavily by significant changes in RNA and protein expression, the goal of experiments in this field has become focused on not simply identification of biomarkers, but also on uncovering metrics for clinical utility. In this regard, brain asymmetries and anomalies in morphometric measurements detected early in life may help further refine our understanding of disease risks beyond genetic predispositions [3] .
This point is underscored by recent CNS postmortem analyses of individuals with autism which demonstrate that neuronal cell numbers are significantly higher in the prefrontal cortex and other brain regions within this patient population [6] . During the last decade, autism spectrum disorders (ASDs) were shown to have some correlation with larger head circumference [7] ; therefore, the recent study demonstrating an average increase of 700 million neurons in the prefrontal cortex in the ASD group as well as an associated increase in brain weight [6] may provide further explanation of this previously recognized correlation. It will be of particular interest to determine how higher numbers of neurons in areas of executive function correlate with behavioral manifestations of autism given the massive heterogeneity that exists within this patient population.
These data support the hypothesis that neurodegenerative diseases should be thought of as having roots in neural development. However, there are currently no studies in which patients with mutations in genes associated with late-in-life neurodegenerative disorders have been evaluated using the same straightforward strategy of genetic risks and brain size/head circumference used in the ASD and schizophrenia populations. Such a study may provide keys to understanding the mechanisms by which the brain compensates for long-term stressors and could provide valuable insight regarding novel neuroprotective strategies.
Neurodevelopmental Pruning: Getting the Landscape Just Right
Large numbers of neurons are systematically culled during CNS maturation. Cell proliferation occurs at a near-exponential rate between 10 and 20 weeks of gestation [8] . Initially, mitotic progenitor cells in proliferative regions of the brain generate neurons in excess. These cells are directed by the local milieu of growth factors to spe-cific regions where they then compete for synaptic targets. This redundancy maximizes the probability that necessary connections will develop. After connections are made, large numbers of superfluous neurons remain. The number of neurons in humans peaks between 3 months and 3.5 years, depending on the brain region [9] ; however, as early as the third trimester, neurons are culled via mechanisms of programmed cell death which have long been recognized as essential in normal nervous system development [10] . This process continues in young children as synaptogenesis moves to the forefront in proper development.
Cellular elimination processes are primarily regulated via signaling molecules released at targets of innervation. These proteins and amino acids suppress intrinsic suicidal programs in migrating cells and are secreted in a limited concentration that restricts the number of neurons that continue to synapse in a given region [11] . If a fiber does not receive essential chemical signals, indicating that it has failed to reach a supportive target and establish appropriate connectivity to facilitate efficient electrical coupling, it may pare back a process or initiate programmed cell death [12] . Based upon work with neurotrophins, the first type of these signals to be discovered, the survival signal theory has become well established in the CNS and many other cell types and organs throughout development [13] .
Further linkage between neurodevelopmental processes and cell death can be found in the eloquent work of Karl Herrup, Lloyd Green and David Park who have all demonstrated that an apparent reentry of postmitotic neurons into the cell cycle contributes to both acute and chronic models of neurodegeneration [14] [15] [16] .
From the programmed cell death field evolved the cellular and molecular identification of proteins and protein modifications that regulate cell degradation. While caspases were shown to play a major role in neuronal culling, they were also noted as essential regulators of neuronal growth, differentiation, migration, synaptogenesis and neuroprotection. Indeed, blocking proteolysis by caspases causes growth cone collapse [17] and blocks self-renewal of embryonic stem cells [18] . Similarly, processes typically associated with neurodegeneration, including high levels of protein degradation and ubiquitination, caspase 3 activation and organelle autophagy, are essential for neural circuit formation [19, 20] . Consequently, protein markers of these processes are abundantly expressed in development ( fig. 1 ).
Developmental windows may represent periods of profound stress for patients harboring genetic mutations associated with late-in-life neurodegeneration, which manifest as subtle abnormalities in CNS wiring and connectivity in early life. At this point, many of the essential a b Fig. 1 . Markers of cellular stress often associated with neurodegeneration are also expressed early in neuronal development and are essential for proper circuit formation. Primary neuronal cortical cultures prepared from embryonic rat pups were fixed and processed for immunocytochemistry on day in vitro 3. a Neurons stained positive for cleaved caspase 3 (blue) and tubulin (green).
Note the presence of cleaved caspase 3 in neuronal processes and growth cones, further supporting the role of caspases in normal growth and development. b Neurons also stained positive for microtubule-associated protein light chain 3 also known as LC3 (blue) and tubulin (green), indicative of autophagic processing during development.
circuits have been established and a high rate of elimination occurs via mechanisms of programmed cell death. While the 'textbook' answer for how much neuronal cell death occurs as the brain develops is generally cited as 50%, this number is worth some scrutiny given that it is generally derived from chick and rat studies of regions of topographic reorganization to control motor function and sensation [21] . Moreover, there is ongoing controversy as to markers of active and passive cell death suggesting that the ultrastructural components of neurodegeneration are highly variable and may require reexamination beyond using markers such as cell swelling or protease activation to determine the nature and biochemical underpinnings of neurodegeneration [22] . In this regard, landmark studies were pioneered by Ron Oppenheim, Rita Levi Montalcini and Victor Hamburg, who undertook the meticulous dissection of factors influencing axon guidance and synapse stabilization. Oppenheim noted in a retrospective analysis that 'Although it seems plausible that by modifying neuronal numbers, altered cell death could be involved in the etiology of many congenital nervous system anomalies, as well as in relatively benign species, strain, or individual differences in neurobehavioral development, there is regrettably little concrete data on this point' [8] . Indeed, two decades later, we are only now poised to address the role of neurodevelopment in diseases associated with late-in-life onset. This endeavor would require detailed analysis of developmental cell death in regions of critical interest such as the striatum, substantia nigra or upper and lower motor neurons in humans -areas exquisitely sensitive to some of the most devastating neurodegenerative diseases.
Neurotrophins as Therapy: Too Little or Too Late?
Neurotrophins provide a logical therapeutic target for the treatment of neurodegenerative disorders and were an area of intense biotechnology and research investment in the 1990s with trials directed at AD, PD, amyotrophic lateral sclerosis and Huntington's disease [23, 24] . However, initial setbacks occurred as a result of inadequate delivery of neurotrophins to target areas [24] . In some cases, the half-life of the neurotrophin was too quick while in other instances, receptors for the trophic factor were present in nontarget cells, binding neurotrophins before they could reach their target [25] .
In cases of severe neurodegeneration, retrograde axonal transport, which is the mainstay of neurotrophic trafficking, is not possible and target acquisition is again prevented. Gene therapies and advancements in gene delivery methods have proven critical in the improvement of such studies yet with over a decade of trials and no breakout targets or treatments, enthusiasm has waned in this field which previously provided pioneering advancements in drug delivery, disease modeling and outcome measures both, in animal and human models [24, 26] . It should be noted that the appeal of long-term treatments using guided neurotrophic factors warrants further examination in the newly identified genetic models of PD and AD to determine if these proteins can increase the age to symptom onset.
The Role of Mitochondria in Controlling Energetic and Redox Tone in Development: Life at the Epicenter
While the brain accounts for just 2% of adult body weight, it receives 20% of the body's total blood flow. A human weighing 155 pounds is estimated to generate 20 pounds of ATP within the brain each day. Moreover, 40-60% of this ATP is used to maintain ion homeostasis across the plasma membrane [27] . Failure to maintain energetic status has grave and rapid consequences for the CNS. The loss of oxygen and glucose necessary to fuel mitochondria results in measurable dysfunction within a minute and death of the most vulnerable neurons after periods of hypoxia lasting longer than 5 min.
The populations of cells most heavily dependent upon oxygenation are unique early in development as neurons rely heavily on anaerobic respiration to generate ATP, primarily via pyruvate. In the first few years of human CNS development, mitochondrial numbers are low; however, both energetic demands and mitochondrial quantity increase steadily into adulthood [27, 28] .
One of the earliest markers of neural dysfunction is loss of ionic balance, which is critical in neurons where the tightly regulated movement of charged particles dictates changes in the membrane electrical potential. This potential is responsible for signaling events such as graded potentials at the synapse and the firing of action potentials. The most important pump for ion movements is the Na + /K + -ATPase, which drives Na + outward and K + inward at the expense of ATP. In the developing brain, as migration increases and neurons begin to form active synapses, the expression of the Na + /K + -ATPase increases 4-to 12-fold in the first few postnatal weeks [27, 29, 30] . In response to changes in energy demands, the metabolic profile of the developing brain shifts dramatically. One of the best examples occurs in the developing rat inferior colliculus, where essential connections will form for the relay and processing of audition. During the first postnatal week, mitochondrial capacity in the inferior colliculus is low followed by an approximately 11-fold increase by postnatal day 25 [27, 31] . These numbers are paralleled by increases in the expression and activity of electron transport chain (ETC) protein complexes.
The study by Clarke and colleagues [32] of the metabolic capacity of neuronal cell bodies during rat development demonstrated that complexes II and III are the last components of aerobic respiration to come online as late as postnatal day 60. Such increases in aerobic metabolic capacity are thought to correlate with increases in synaptic activity and the large resultant energy demands of active ion transport that are essential for proper development. Although significant changes occur in metabolism during CNS development, glucose remains the preferred substrate for energy production into adulthood [27] .
This tight reliance on glucose and metabolic coupling for processes including cell migration, synaptogenesis, protein trafficking, and communication during development is particularly intriguing given that mitochondrial dysfunction has been identified as a key component of a number of CNS disorders which carry germline mutations (present since birth).
The Fate of Neurons during Energetic Failure
Perturbations in energy, especially in the form of mitochondrially generated ATP, are of extreme importance. In neurons, significant decreases in ATP can lead to the dysregulation of energy-dependent membrane pumps and result in depolarization and a subsequent influx of calcium ions (Ca 2+ ) [33] . As mitochondria depolarize, ATP-dependent uniporters, which sequester Ca 2+ within the endoplasmic reticulum and mitochondria fail, resulting in the activation of damaging proteases and kinases. In addition, excess intracellular Ca 2+ promotes the generation of free radicals (derived from oxygen and nitrogen) [34, 35] .
Reactive Oxygen Species: Essential Molecules in Signaling and Development
Reactive oxygen species (ROS) have historically been considered detrimental to the survival of neurons although research in the last decade has demonstrated that rather than acting as random destructive molecules, ROS can elicit discreet changes in protein structure and function that are neuroadaptive and essential to controlling external stress and promoting development [35, 36] . During normal mitochondrial functioning, 0.15-2% of electron flow 'leaks' from the electron transport chain before it reaches cytochrome oxidase [37] . Leakage, or premature transfer of single electrons to molecular oxygen, produces superoxide anions (O 2 ؒ -), a type of free radical which, if not captured by superoxide dismutase or other antioxidants, results in the formation of highly damaging hydroxyl radicals.
While ROS can irreversibly alter proteins, lipids, and DNA, the reversible modification of disulfide bonds, and tyrosine crosslinks, for example, play essential roles in normal signal transduction. Similar to the addition of a polar phosphate group by a kinase, covalent modifications of amino acids by ROS is a highly selective process that can change the conformation, binding and kinetics of proteins. Histidine, arginine, lysine, proline, cysteine, and methionine are the most 'oxidizable' amino acids; however, 12 amino acids are known to be ROS-sensitive [38] . Due to the high reactivity of many free radical species, it is thought that microenvironments, which facilitate the production and maintenance of high ROS concentrations, provide both temporal and spatial selectivity to control posttranslation modification and signaling via ROS.
Cellular antioxidants are at the front line of defense against oxidative stress in the developing brain. These molecules reduce ROS before they can modify proteins, lipids, or nucleic acids and cause damage. Subsequently, they also help to maintain the cellular redox potential at a dynamic equilibrium.
Glutathione (GSH) is arguably the most important cellular antioxidant in the CNS. Its low redox potential (-240 mV at pH 7.0) makes it ideally suited for oxidative environments. GSH is synthesized in an ATP-dependent manner from glutamic acid, cysteine and glycine, with cysteine being the limiting amino acid in both developing and adult CNS [39] . GSH is oxidized as a result of chronic stress and normal aging processes [40, 41] . Mitochondria typically aim to maintain GSH and NADPH at rather high levels, between 2 and 14 m M and between 3 and 5 m M , respectively [35] ; however, endogenous antioxidant defenses can only curtail damage for limited periods of time.
During CNS development, peak GSH levels coincide with high levels of synaptogenesis. In the rodent brain, for example, the highest GSH concentrations are found during the highly active period at the end of postnatal week 1 [42] . Peripheral administration of inhibitors of GSH synthesis result in rapid cerebral cortical cell death in newborn rats, underscoring the importance of maintaining redox homeostasis throughout neural development [39] . Levels of other key antioxidants show similar patterns in the developing brain. The concentration of catalase, for instance, reaches three times its embryonic level shortly after birth before declining again to a relatively low level in maturity [43] .
Given the central role of energetic and ion homeostasis in ROS production as well as the temporal changes in antioxidant systems during development, it is essential to understand the forms of compensation in antioxidant defenses as a result of long-term exposure to mutated genes at times of intense bioenergetic and redox stress, such as synaptogenesis.
Mitochondrial Dysfunction and Neurodegeneration
The role of mitochondrial signaling in response to stress and in relation to diseased states of the brain has been the object of intensive study for three decades. Primary dysfunction in genes controlling mitochondrial biogenesis and function have, until recently, only been studied in developing circuits as it was assumed that dysfunction of proteins involved in these essential pathways would be highly toxic and incompatible with the survival of long-lived cells such as neurons. We now appreciate that late-in-life diseases including PD, AD, and amyotrophic lateral sclerosis [44, 45] all have primary dysfunction of mitochondrial dynamics and degradation.
In order to maintain an optimal mitochondrial population within a cell, mitochondria continuously undergo fission and fusion events. These events occur in response to environmental stimuli, developmental status, and cellular energy requirements [46] . Fusion can occur in response to stress wherein injured mitochondria fuse with healthy mitochondria as a means of complementation. Some of the key factors involved in fusion are the outer mitochondrial membrane (OMM) proteins, mitofusin 1 and mitofusin 2, and the inner mitochondrial membrane protein, optic atrophy 1. The fusion of outer and inner mitochondrial membranes is exquisitely coordinated and rapidly results in the development of new mitochondria.
The process of mitochondrial fission relies heavily upon Dynamin-related protein 1 and ganglioside-induced differentiation-associated protein 1 [46] . Unlike fusion, fission is an essential, early event in the removal of damaged mitochondria via mitophagy, underscoring the importance of autophagic containment in neuronal cell fate decisions. Under severe stress, events that are normally adaptive can become dysregulated ( fig. 2 ) . A balance between fission and fusion is essential not only in determining cell fate but also in the development of appropriate circuitry [44] . For example, mutations in optic atrophy 1 result in autosomal dominant optic atrophy [46] , while mutations in the fusion protein, mitofusin 2, and the fission protein, ganglioside-induced differentia- Fig. 2 . Model of energetic-and redox-based cell fate decisions at the level of the mitochondria. Endogenous and exogenous stressors can decrease ATP production and generate ROS. While some proteins have the capacity to respond to both oxidative modification and energetic deprivation, there is a growing consensus that each stress signal modifies a select group of gate-keeping molecules which ultimately determine mitochondrial and, in turn, overall neuronal cell fate. As depicted in this diagram, conditions of mild stress causes activation of a subset of mitochondrial gatekeeping molecules which reinforce a neuroprotective phenotype. Severe stress, however, pushes the cell towards death. Known substrates of free radical modification include proteins governing mitochondrial fission and fusion as well as ion transporters required to maintain mitochondrial and cell membrane potential. Redox activation of these proteins at low levels can promote either selective degradation of the organelle by a process known as mitophagy or irreversible ionic disequilibrium. Also subject to energetic and redox modification are the caspase proteases which can promote survival, differentiation and outgrowth when activated at low levels or apoptosis when temporal and spatial constraints are lost.
tion-associated protein 1, have both been linked to the peripheral neurodegenerative disorder, Charcot-MarieTooth disease type 2A [46, 47] , further highlighting the delicate balance between these processes.
Insight from PD Genetics Highlights Mitochondrial Dynamics as Essential to Neural Fate
A growing number of loss-of-function mutations have now been linked to mitochondrial function and inherited forms of PD [48] [49] [50] [51] . These genes not only have a direct impact on mitochondrial dynamics but are also involved in the regulation of proteasome activity, mitophagy, ubiquitination and antioxidant defenses.
Of these proteins, the best understood are the E3 ubiquitin ligase Parkin, the stress-associated kinase PTENinducible putative kinase 1 (PINK1) and the molecular chaperone DJ-1, all of which can be mutated in familial PD, and have been shown to functionally interact [52, 53] . While both PINK1 and Parkin are expressed embryonically, little is known about their impact until later in life [54, 55] . PINK1 and Parkin RNA are enriched in tissues with high mitochondrial capacity, such as skeletal muscle, heart, liver, kidney, testes and brain [55] and mutations in any one of these proteins causes profound mitochondrial dysregulation [56] .
In zebra fish, PINK1 knockdown in embryos results in severe developmental phenotypes, including halted head/ tail development, spinal curvature, and enlarged brain ventricles. These morphants demonstrate a 30% decrease in dopaminergic neurons and severely affected larvae fail to thrive, further suggesting a role for PINK1 in normal developmental processes [57] . However, morphants also present with alterations in mitochondrial function, including increased caspase 3 activity and higher levels of ROS [57] , making it hard to separate improper development and neurodegeneration. Similar data have been observed in human and other animal models including: mice, rats, and drosophila [53, 58, 59] .
At this point, there is little to no data addressing the cause of the selective loss of dopaminergic neurons in PD or whether somatic mutations in these genes can be introduced by environmental factors. Moreover, given the tight linkage between PD mutations and caspase-mediated cell death and autophagy, one would predict that developing pluripotent stem cells from individuals harboring genetic mutations for familial forms of these diseases may represent a skewed platform given the role of caspases in normal neural development as well as proliferation of embryonic stem cells. These studies would require sophisticated baseline analysis of neurite outgrowth [60, 61] , spine formation [62] and differentiation prior to undertaking any analysis of stress responsiveness.
PINK1 and Parkin: Involvement in Mitochondrial Quality Control and Mitophagy
The N-terminal mitochondrial targeting sequence and the transmembrane domain of PINK1 insert into the OMM while the C-terminal serine/threonine kinase domain faces the cytosol. When directed to polarized mitochondria, PINK1 inserts into the OMM and is immediately cleaved by proteases, releasing PINK1 into the cytosol where it is taken to the proteasome for degradation [63] [64] [65] . The entire process from full-length protein synthesis to degradation only takes 3 min [66] . When a mitochondrion is injured or depolarized, PINK1 is stabilized and rapidly accumulates in the OMM [63] . PINK1 then recruits cytoplasmic Parkin to damaged mitochondria resulting in the ubiquitination of substrates [64] .
Elegant proteomic studies by Chan et al. [67] demonstrate that upon stress, a large number of OMM proteins are targeted for proteasomal degradation and that this process is key in the induction of mitophagic processes. Interestingly, OMM proteins targeted for degradation are involved in mitochondrial fusion such as mitofusin 1 and mitofusin 2, both of which are Parkin substrates. These data support a model in which Parkin recruitment via PINK1 acts as part of a quality control mechanism blocking mitochondrial fusion as a means of protecting overall cellular integrity ( fig. 3 ). Given that mitophagy occurs throughout the life span of a cell and is essential to energetic compensation suggests that mild stress (which normally could be contained) might promote neurotoxic mitochondrial failure in those harboring mutations in either PINK1 or Parkin and that exposures to environmental stress early in development may dramatically change the trajectory of these at risk cells.
Genes and Environment: The Untangle Able Knot
When considering the role of environmental stress in contributing to early-onset neurodegeneration in individuals with similar genetic backgrounds, the best understood disease is PD. The majority of PD cases are sporadic, exhibiting no genetic inheritance, while only 15% of PD cases are familial [68] . The discrepancy between the number of genetic versus sporadic cases has led to the consensus that PD develops from multiple risk factors which may include genetics, aging and exposure to environmental triggers.
Initial support for an environmental trigger for PD began with a group of drug users who were unintentionally exposed to 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine, a byproduct of illicit heroin synthesis. These patients presented with symptoms so similar to PD that they were clinically indistinguishable [69] . Subsequent work highlighted herbicides, fungicides, pesticides and manganese as molecules which could capture some of the features of PD [68] . One of the most significant issues in understanding environmental risk factors is the sheer number of man-made chemicals to which humans are currently exposed. The Center for Children's Health and the Environment noted that toxic chemicals of human origin contribute to diseases in children and concluded that the environmentally attributable portion was 30% for asthma, 5% for cancer, and 10% for neurobehavioral disorders which is perhaps not surprising given that some 70,000 different chemicals are on the market and approximately 1,500 new ones are introduced every year [70] . Moreover, an average of 1 280 man-made chemicals can be found in noninstitutionalized United States civilian populations, making the complexity of understanding these chemical interactions with genetic risks staggeringly difficult [71] .
Conclusions
Neurodegenerative disorders affect millions of patients worldwide. Although science has made great strides in identifying the molecular mechanisms and pathways involved in these disorders, therapeutic interventions often remain elusive. As we continue to search for therapeutics for neurological diseases, interesting new insights into the relationship between abnormal neural development and susceptibility to disease have been proposed. Development, characterized by both new life and widespread death, puts a great strain on the mechanisms that select cells for survival. Data from the schizophrenia and autism literature supports the hypothesis that neurodegenerative diseases can, and should be, thought of as having roots in neural development.
We currently lack retrospective studies in which patients with mutations in PD-related genes have been evaluated using the same straightforward strategy of genetic Fig. 3 . Model of the regulation of fission and fusion, the machinery of mitochondrial homeostasis. Fission: growth factor withdrawal, nutrient deprivation, and other cell stressors can promote the separation of mitochondria or fission. Proteins which are central regulators of this process include Dynamin-related protein 1 (Drp1) which is regulated by both ROS as well as ubiquitination. These posttranslational modifications promote the recruitment of Fis1 which is essential for forming functional daughter mitochondria. The process of determining which daughter mitochondria are energetically and biochemically sound is poorly understood, but mitochondria can be degraded by LC3-mediated autophagy or 'mitophagy' if they are dysfunctional. Fusion: the selective joining or 'fusion' of mitochondria is an essential process to achieve greater biochemical and membrane stability and is governed by mitofusin (Mfn) and optic atrophy 1 (Opa1). These proteins function at the level of the OMM and inner mitochondrial membrane, respectively. PINK1/Parkin involvement: mitochondrial depolarization leads to the accumulation and stabilization of PINK1 in the OMM. PINK1 can then recruit Parkin to the mitochondria resulting in poly-ubiquitination of substrates including mitofusins. This process inhibits mitochondrial fusion and promotes mitophagy when both proteins are functional. Mutations in these genes have been linked to inherited forms of PD.
risks and brain size/head circumference used in the ASD and schizophrenia literature. One would predict that those harboring mutations in genes which will cause diseases like PD might have smaller head circumferences and brain weights before symptom onset. Moreover, understanding the mechanisms by which the brain compensates for these long-term stressors could provide valuable tools for acute neuroprotective strategies and more rational therapies for chronic neurodegenerative conditions.
The activation of neuronal programmed cell death is almost certainly favorable during developmental periods of elimination; however, it is also during these times in which perturbations in trophic factors can place the survival of essential circuits in jeopardy. Moreover, massive increases in the energy needs of the developing brain demand that large numbers of new mitochondria come online. Antioxidant production and redox-sensing systems must be adequate in order to quench ROS production and remove damaged mitochondria in order to limit runaway oxidative stress.
Mitochondrial dysfunction has become increasingly linked to neurodegenerative diseases. As a result, stressrelated mitochondrial signaling has become a growing target of new research. Indeed, major players in normal mitochondrial dynamics, including during periods of development, have been uncovered. These insights may provide key links between energy-intensive developmental processes and the acquisition of neurodegenerative diseases later in life.
